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An emission spectrum of hot water with a temperature of about 3000 K is obtained using an
oxy-acetylene torch. This spectrum contains a very large number of transitions. The spectrum, along
with previous cooler laboratory emission spectra and an absorption spectrum recorded from a
sunspot, is analyzed in the 500—2000"¢émegion. Use of a calculated variational linelist for water
allows significant progress to be made on assigning transitions involving highly excited vibrational
and rotational states. In particular emission from rotationally excited states up=4@ and
vibrational levels with up to eight quanta of bending motion are assigned0@ American
Institute of Physic§ DOI: 10.1063/1.1847571

I. INTRODUCTION light asymmetric top, is the presence of “anomalous centrifu-
_ _ _ gal distortion.” As the water molecule rotates, it experiences
\f!brar]tlon—rotat|onf tf)lands of r(‘jOt w?teEr vapor Iare prr(])m|— a substantial geometrical distortion, particularly of the bend-
nent in the s;?‘ectra ° amc?,s and cool s early as the ing angle, from centrifugal forces. The usual Watson rota-
1890s these “steam bands” were recorded from the infrare - . .
e . : . ional Hamiltonian diverges and an excessive number of cen-
emission obtained during the combustion of hydrocarﬁons. ) . . . ,
ifugal distortion terms need to be retained to fit the

They can also be seen in rocket plumes and in jet engin i o T
exhaustd. Absorption of hot water vapor appears in the nearexperimental dat4This divergence of the Hamiltonian lim-
its the utility of predictions of line positions with higher

infrared spectra of M-type starand brown dwarfé.

In the laboratory, the first modern data for hot waterand, in particular, higheK, values than those already in-
vapor were recorded by work&sat Meudon Observatory cluded in the fit. It is this anomalous centrifugal distortion
near Paris using an oxygen-hydrogen torch with a temperdhat limited the range of the rotational assignments in the
ture of about 2900 K. The water emission in the original torch spectrum—not the signal-to-noise ratio of the
2800—9000 crmt spectral region was recorded with a high spectra.
resolution Fourier transform spectrometer. The rotational  \arious schemées! have been devised to reformulate
analysis was carried by the traditional methods of patterihe rotational Hamiltonian to improve convergence. These
recognltlpn and combmgﬂon differences. This pioneering efefforts have enjoyed some success, but the most satisfactory
fort PrOV'OleO_' some assignments up I35, which lies at approach to assigning the hot water spectrum lies in aban-
11 656 cm' in the ground vibrational level. doni : .

oning perturbation theory altogether. The observation of the

The main difficulty in assigning the hot water spectrum, .
apart from dealing with an irregular jumble of lines from a very dense water spectrum near,lQI 'r,] a sunsp&? (Vyatler
on the Sum prompted the application of a variational

. - ) ) ] approacﬁ?’ based on solving the full vibration-rotation
Permanent address: Institute of Applied Physics, Russian Academy of chchrddinger equation to predict the energy levels with high
b)ence, Ulj_anov_.St_reet 46, Nizhnii Novgorod 603950, Russia. . . . w15 P

Electronic mail: j.tennyson@ucl.ac.uk quality ab initio potential surfaces>~ The variational ap-
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proach has yielded the majority of the new assignments ant
energy levels as tabulated by Tennysﬂnad.16 54
Highly excited levels of water can also be obtained ~
. (2]
through the analysis of overtone spectra. In contrast to theg 44
spectra obtained with furnaces and torches, the overtone da >,
are rotationally cold. Overtone spectra have allowed the as £
signment of vibrational levels with up to eight quanta of OH
stretching(at 25 120 crit) to be observed’ Highly excited
bending levels, which are expected to show interesting®
effects;>'® are not detected by overtone spectroscopy. Theg
highest pure bending level that is reliably assiglﬁérd(OGO), 1
although tentative assignments of some levels u®tb0 0
has been made on the basis of perturbatfns. 0 i
Very recently another source of highly excited energy 500 1000 1500 2000 2500
levels of water has been developed by Couderl?* Coud-
ert et al. have fitted the rotational energy levels obtained
mainly from a far infrared emission spectrum of water vaporrFiG. 1. Raw emission spectrum of the oxy-acetylene flame in the
excited by a radio frequency discharge. The lines associate@0—2500 cr spectral region.
with the first eight vibrational levels were fitted with the
theoretical approach of Coudéttvery few new levels were resolution was 0.03 ¢ (30 cm maximum optical path dif-

seen, but the accuracy of the levels was significantly im- . .
proved y g y ference, mopd A CaF, window and beam splitter were used

The goal of the current research is to obtain a new sped® enhance the signal-to-noise ratio above 1900'cwmhere
trum of a torch over a wider spectral range and then applf! INSP detector was used. In that spectral region, a 2 mm
the variational approach to extend the assignments of th@Perture was chosen and the spectral resolution was set to
water levels to highed, K, levels. In addition, the torch 0-05 cm* (18 cm mopd. In both regions 512 scans were
spectrum allows us to assign different vibrational levels, parc0-added, thereby producing emission spectra with very low
ticularly new pure bending levels. noise, see Fig. 1.

The temperature of the water vapor in an oxy-acetylene The line positions and intensities in the spectra have
or oxy-hydrogen torch can reach 3000 K, but the line widthbeen determined using thesPECTRAprogram’” In order to
is about 0.05—0.10 crh because of pressure broadening atget rid of some weak ringing, the lines were first identified in
1 atm. The pressure can be reduced, but this also reduces thectra that were apodized using a Norton—Beer weak func-
signal-to-noise ratio. The torch unfortunately has extensiveion. The fits were then performed on the unapodized spectra
emission from extraneous molecules such as CO,,@0d  using the sinc instrument line shape function to determine
OH, in addition to water. Furnace sources allow the spectruniine positions and intensities, see Fig. 2. In the fitting proce-
of pure water vapor to be recorded, but then the temperatuigure a Voigt molecular line shape function was used, and
is limited to a maximum of about 2000 K by the softening of hoth Gaussian and Lorentzian contributions were fitted. The
the ceramic walls of the confining tube. Carbon tube furyspecTrAprogram also automatically fitted the baseline. It
naces can also reach 3000 K but the water gas reaction, s worth pointing out that the spectra have not been corrected

H,0O(g) + C(s) — CO(g) + H,(g), for the response of the optics and the detectors. The relative

ity (arbi

wavenumber (cm™)

prevents their use as a source of hot water emission. Despite
its limitations, the oxy-acetylene torch at atmospheric pres-—
sure was used for all of the work reported in this paper. As’§
shown below this approach yields a considerable amount o2 1
information.

Il. EXPERIMENTAL PROCEDURE

intensity (arbitra

Hot water vapor was produced in an oxy-acetylene torch -

at atmospheric pressure. Emission spectra of the flame werg
recorded using a Bruker IFS 120 M Fourier transform spec-+ g
trometer between 500 and 13000 ¢musing a variety of 1

. . - -0.1 T T T T T T T
comblnatlons_ Of_ f||_ters _and detectors._ For  the 1310 1311 1312 1313 1314 1315 1316 1317 1318 1319 1320
500-2000 cm'* region investigated here, two different set- 4

tings were used: KBr entrance window and beam splitter wavenumber (cm”)

were used to record the spectra in the lower wave numbeI!IG. 2. Example of avspecTRAfit of our data. The black line and gray line

region, along with a HgCdTe d_etec_tor. With this setup, theye respectively, the observed and the calculated spectrum, with the residu-
entrance aperture was 4 mm in diameter and the spectrals below on an expanded scale.

ca

obs
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line intensities are therefore not reliable over large spectraindv, band spectrun=1800 K, 933—2500 cit region in
ranges and should be used with care. emission and in sunspofsT~ 3200 K, 722-1011 cnt re-

The wave number calibration was performed using thegion) in absorptiorf‘_z’zg'solt was decided to analyze the cur-
laboratory hot water vapor measurements of Tereszchukent data along side these older spectra. Figure 3 compares a
et aI.23 in the 4880—7550 ciit region, which is not pre- portion of these spectra.
sented in this paper. The consistency of the calibration was  The |aboratory emission spectra from heated cells were
verified using the CO line positions in the 1-0 band, as aryecorded at a lower temperature than the present spectrum, so
chived by . the National Institute of Standard and gre |ess suitable for searching for highly excited transitions
Technology’” Our measurements agree with the NIST datyt \ater. Indeed the previous, band spectrum contains
to within 5x107° em™*, which is satisfactory considering oo 400% fewer lines than the oxy-acetylene torch spec-

the fact that the CO pressure-induced wave number Shmﬁum. However in the 373—934 cfregion, the older emis-

were ngt ta_kle.n Into accounE in the comparison. The value OSion spectrum has about 1000 more lines than the torch spec-
5X107 cm = is taken as a “worst-case” estimate of the ab-

N trum. The higher pressure in the torch spectrum means that
solute accuracy of our measurements. A statistical uncer-

tainty originating from the quality of the spectral fit also has M2y weak lines are obscured by stronger ones. The sunspot

to be taken into account for each line. This statistical uncer:SpeCtrum contains more than three times the number of lines,

tainty is of the order of 10 cmi? for strong and well- in absorption, than the present emission spectrum over the

defined lines, but reaches significantly larger values for th&€9ion in which they overlap. The sunspot spectrum thus
numerous weak or blended lines. remains the richest in terms of hidden information or number

As is obvious from Figs. 1 and 2, the spectra are veryof lines per wave number. The main drawback of the sunspot
dense over the entire wave number region investigateds,pectrum iS |tS I|m|ted wave numbel’ I’ange due to abSOI’ptionS
showing in addition to water lines, emission features of COJn the Earth’s atmosphere. Many of our assigned lines lie
CO,, and OH. The OH lines were identified in the spectra byoutside the range of the sunspot spectrum. Furthermore, the
comparing the calibrated list of measured line positions behigh density of the lines, up to 50 per wave number, requires
tween 5000 and 13000 ¢mto calculated values, obtained very precise frequency predictions from theoretical calcula-
using the spectroscopic data of Colat al® and Melen tions when dealing with the weaker lines. Almost all the
et al?® Vibrational levels up ta=8 were considered in the strong and medium absorption lines were assigned in our
comparison, and the very weak satellite lines were neglectegrevious work™>*° but few of the weaker lines.

CO lines were similarly identified by using the HITEMP  These hot water spectra contain information on highly
databas¥ as a reference, with=8 as the highest vibrational excited vibrational and rotational levels. To be explicit, we
level, and both thé’CO and"*CO isotopes were considered. report below emission arising from levels with up to eight

Observed CO lines are due to rotational transitions inuthe quanta of bending excitation and levels rotationally excited
=0 and 1 vibrational levels, with only five lines in the=2 5 3=42. Our theoretical model therefore must be capable of
vibrational level. dealing with this high degree of excitation.

o A ssarcg_ fo_rdCQ lines was ma:e usg%ggta taken fr;)m In analyzing the spectra we used a calculated variational
the carbon dioxide spectroscopic databx ) system o linelist for hot water. The BT1 linelist was constructed ex-

the Institute of Atmospheric Optics of the Siberian Branch ofplicitly to provide reliable models for the opacity of water in

the Russian Academy of Scienc&sThis database contains .

o the atmosphere of cool stars. It therefore considered all levels
transitions from HITRAN, HITEMP, and GEISA databases f the molecule withJ=50 and Ivin t0 30 000 cFh
and can be used to simulate spectra at different temperature0 € molecule =>0U and lying up to ¢

pressures, optical path lengths, and line shape parameters.a?fove theJ=0 ground state. The linelist used the recent,

: : : spectroscopically determined potential energy surface of
'gg(r)lipzlgeoso C?ﬂatreg;[:; acrjzeo z:r:];rsoxiﬁtate?; (?[grge :)nrdetrzeof Shirin et al** and special care was taken to ensure complete
magnitude weaker than the OH lines in this region. Thisconvergence of these levels as this has proved to be a prob-
means that contrary to our expectations,,difes are barely lem with previous hot water linelistsee Ref. 30 Full de-
detectable in the spectrum analyzed in this paper. Indeed tHails of this linelist, including a database containing all 620
only transitions identified lie below the cutoff used for mea- X 1P transition intensities will be presented elsewh&re.
suring lines. The strong vibrational spectrum of Carts at The first step in analyzing the torch spectrum, after
about 2200 cmt and will be taken into account in our future marking the OH and CO lines, was to make trivial assign-
analysis of water molecule in the stretching mode region. Irments, that is, assignments made using our hot water linelist
the region of interest in the current paper, out of the 10 10@nd previously known experimental energy levels of the wa-
measured lines, 363 were assigned to CO and 141 were agr molecule’® As the observed linewidths are relatively
signed to pure rotational transitions of OH. large a significant numbgabout 20% of the experimental
lines have doubl¢or even triplg trivial assignments. In fact
the number of multiply assigned lines was even higher after
making our initial trivial assignments. In this initial analysis

Spectra of hot water vapor in the 500—2000 ¢megion ~ we used the theoretical linelist with an intensity cutoff about
considered in this paper have been recorded in the laboratohalf that of the weakest experimental lines and did not com-
(pure rotational spectrufi=1800 K, 373—-934 cit region,  pare theoretical and experimental intensities. In making our

Ill. THEORETICAL ANALYSIS

Downloaded 19 Apr 2005 to 128.40.5.5. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



074307-4 Coheur et al.

1.04 —

Phys. 122, 074307 (2005)

1.00 F

.96 -

.92 -

.88

.84 -

(010) * 12— "oy
(010) ** O'pa— §F Vigy

.80 +

76 L \ ]

(010) * Vga- < pg

(011) * "zz-t ®gz
(100) * Rgz- ° ¥pg

(0g0) © Foz-® 12

T T T T
Absorption

Vg —

15

1823
ot $1.
vie

01,5 81 TTgy

0. ot Elgz_
Bt

(o10) ¢ 12— ® LTz
%
(000)

(og0) ®*oz-°°%'1g

(010) & Viga— 2 Tpy

SRR |

Emission

L

(000) ¥ ®zz—- ° gy

(010) ** *g1- " £

(001) °F 2gT— " oLy

(100) & #'gg— T Slgg
—00T)-(qza}S F'RI " i1

(og0) ¥ ®oz- ° 1z

841.8

842.1

|
842.4  842.7  843.0
Wavenumber /cm™!

h Y
843.3 843.6

1.5

Intensity (arbitrary units)

(b)

FIG. 3. Upper panel: sunspot absorpti@mpper tracg and laboratory emission from heated cell speiower tracé from work (Ref. 30 near 840 crit.
Lower panel: torch spectrum in the same region; vertical lines denote assigned transitions.

final trivial assignments we retained only lines which give at
least 20% of the total line intensity. About 80% of the mea-K, rotational levels we used the method of branches, which

sured lines were assigned trivially.

In analyzing the remaining unassigned lines in the torchan unknown level we used not only the calculated value, but
spectrum we employed different methods for different un-also looked at the difference between observed and calcu-

For assigning transitions involving the highdsind low

has been described elsewh&é® To predict the energy of

known levels. These levels can be roughly divided into thredated values for the same branch of levels with lowesal-

groups:(a) highestJ, low K, rotational levels in the lowest
and (020);
J(=20-30, intermediate and higK,, low vibrational levels
(000, (010, (020), (030), and (040); and (c) high bending

vibrational levels (000), (010,

levels (050), (060), (070, and(080).

(b)

high

ues. The BT1 linelist is based on a spectroscopically deter-
mined potential energy surface for which only levels with
J=0, 2, and 5 were used in the fit. The standard deviation for
that fit was 0.1 crit, but for the highest] levels known

previously the typical observed minus calculatetls—calg
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value grows to 0.8 cit for (000) state, 0.4 crt for (010 TABLE I. Wave numbers of the assigned high&sbtational levels in(000),
and 0.3 cm! for (020. Although these errors are much (010.and(020 vibrational levels in cr.
larger than the average spacing between measured lines, the

. . . . J K K Level E
differences increase smoothly with This means we can : ¢
predict the positions of unknown highdrlevels with an 36 0 36 000 12 290.5959
accuracy of about 0.02 crh This is sufficient for unambigu- 36 1 36 000 12 290.5959
ous assignments. 36 1 35 000 12 921.2711

Some of the lines linking levels with the highestalues 36 2 35 000 12921.2711

were found only in the laboratory pure rotational speﬁ?ra, gg i zz 888 g gg'gggg
as they are obscured by stronger neighboring lines in the '
higher linewidth torch spectra. We were unable to assign - 3 % 000 139354309

9 p ' 9N 56 4 33 000 13 935.4309

these levels previously due to the lack of sufficiently accu-

= . ) 36 20 17 000 19 398.9036
rate predictions from variational calculations. The present 44 20 16 000 19 398.9036
analysis allowed us to determine about 100 different levels g4 21 16 000 19 750.1982
and increase the maximumh value from 35 to 42(from 36 21 15 000 19 750.1982
11656 to 16406 cit) for the ground vibrational level, from 36 22 15 000 20 101.7967
32 to 39 for(010), and from 31 to 36 fok020). The newly 36 22 14 000 20101.7967
determined highest, low K, rotational levels for th¢000), 36 23 14 000 20 452.4935
(010, and(020) vibrational levels are presented in Table I. 36 23 13 000 20 452.4935
The majority of the assigned levels belong to states with 37 0 37 000 12940.1441
high J(=20—-30, intermediate or high,, and low bending 37 1 37 000 12940.1441
vibrational excitation. Within a set of levels with a givén 37 1 36 000 13585.9949
and vibrational state the obs-calc changes smoothly with 37 2 36 000 13585.9949
. . . 37 2 35 000 14 099.7715
changing values oK, and K.. This means one can predict
. - . 37 3 35 000 14099.7715
unknown levels with an accuracy sufficient for assignments. 37 3 4 000 14 614.1750
Our previous work on hot water spectra gave us enough 37 4 34 000 14 614.1750
known levels for each set to make this method of assignment 5, 2 14 000 21 553.1329
possible. Our energy levels are given in the EPAPS 3 24 13 000 21 553.1329
archive™ 38 0 38 000 13 604.4879
Most of the determined levels in the two groups men-  3g 1 38 000 13 604.4879
tioned above were obtained from a single pure rotational 38 1 37 000 14 265.3170
transition, as in each case this line is the strongest for the 38 2 37 000 14 265.3170
given level. It should be noted that the corresponding 38 2 36 000 14778.6740
vibration-rotation transitions are largely not present in the 38 3 36 000 14778.6740
torch spectrum since such transitions involving levels with 38 3 35 000 15305.9609
high K, are too weak to be seen. 38 4 35 000 15305.9609
The fitting procedure employed to obtain the spectro- 39 0 39 000 14283.4348
scopically determined potent?élused experimental energy 2: i zz 888 i: sgg'giig
levels for bending states up ¢660). For levels belonging to 39 ) 38 000 14 959'0419
the (040), (050, and(060) vibrational levels the residuals of 39 2 37 000 15 469:7102
the fit were small and changed smoothly with quantum num- 4 3 37 000 15 469.7102
bers. Assignments could therefore be made using theoretical 3q 3 36 000 16 010.5323
predictions. Most levels determined were confirmed by com-  3q 4 36 000 16 010.5323
bination differences, making them reliable. About 20 levels 49 0 40 000 14 976.7975
of the (070) bending level have been previously determined 40 1 40 000 14 976.7975
from overtone spectroscopy>° along with the §, level of 40 1 39 000 15 666.9690
the (080) vibrational level° As these levels were not used in 40 2 39 000 15 666.9690
fitting, the residuals for them grows to 0.5 chfor (070 40 2 38 000 16 172.5357
and 1 cm? for (080). This is due to the bending vibrational 40 3 38 000 16 172.5357
levels approaching the barrier to linearity. Furthermore, for 41 0 41 000 15684.3814
these states the obs—calc depends significantly on the value 41 1 41 000 15684.3814
of K, but has almost no dependenceXior a givenK,. This 4L 1 40 000 16 388.8934
allowed us to assign 17 additional levels (70 and 9 in 4L 2 40 000 16 388.8934
) . . 42 0 42 000 16 406.0561
(080). The assignments t@70 can be considered as reli- 42 1 e 000 16 406.0561
able, especially those confirmed by combination differences. 33 0 33 010 1 953:6676
The assignments involvin@80) are more tentative. The as- 33 1 33 010 11 953.6676
signed rotational levels in th@®60), (070, and (080 vibra- 33 1 32 010 12 6401170
tional levels are presented in Table II. 33 > 32 010 12 640.1170

For the (070 and (080 bending levels no transitions
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TABLE I. (Continued) TABLE Il. Wave numbers for rotational term values in #®60), (070), and
(080) vibrational levels in cmt.
J K K Level E
. - J Ka Ke Level E
33 2 31 010 13 115.9905
33 3 31 010 13 115.9905 0 0 0 060 8 869.9538
33 3 30 010 13 639.8400 1 1 1 060 8998.0996
33 4 29 010 14 085.0896 1 1 0 060 9004.6170
33 7 26 010 15 228.6773 2 2 1 060 9271.2847
33 15 18 010 17 420.0613 3 1 2 060 9139.0734
33 16 17 010 17 778.7798 3 2 1 060 9 344.3799
33 17 16 010 18 130.4003 3 3 0 060 9628.7737
33 18 15 010 18 492.5424 4 2 3 060 9 438.2526
33 20 13 010 19 211.6078 4 3 2 060 9725.7365
33 21 13 010 19 581.1881 4 4 1 060 10 049.2800
33 21 12 010 19 581.1881 5 0 5 o0 9210.1607
33 22 12 010 19 939.7786 c 1 4 060 9377 2237
33 22 11 010 19 939.7786 5
33 24 10 010 20 645.8124 S 2 4 060 9556.79
33 24 9 010 20 645.8124 5 2 3 060 95655203
34 0 34 010 12 557.4625 5 3 2 060 9847.2247
34 1 34 010 12 557.4625 5 4 2 060 10171.0870
34 1 33 010 13 264.2962 5 4 1 060 10171.2898
34 2 33 010 13 264.2962 5 5 1 060 10519.2778
35 0 35 010 13 177.6869 5 5 0 060 10519.2778
35 1 35 010 13 177.6869 6 1 6 060 9 400.6406
35 1 34 010 13 904.3971 6 1 5 060 9533.5828
35 2 34 010 13 904.3971 6 2 5 060 9 698.0404
36 0 36 010 13 814.3780 6 2 4 060 9 714.4540
36 1 36 010 13 814.3780 6 3 4 060 9991.0166
36 1 35 010 14 560.2728 6 3 3 060 9992.3307
36 2 35 010 14 560.2728 6 4 3 060 10 316.3808
37 0 37 010 14 467.5545 6 5 5 060 10 666.2485
37 1 37 010 14 467.5545 7 0 7 060 9487.9479
37 1 36 010 15 231.8067 - 1 6 060 0714.7602
37 2 36 010 15 231.8067 7 3 " 060 10 162.1936
37 2 35 010 15 653.8554 . 4 4 060 10 484.9790
37 3 35 010 15 653.8554 ; 4 3 060 10 486.3693
38 0 38 010 15 137.1779
38 1 38 010 15 137.1779 i 5 2 060 10837.7072
39 0 39 010 15 823.2561 7 6 2 060 11199.7595
39 1 39 010 15 823.2561 7 6 1 060 11199.7370
32 0 32 020 12 913.3436 7 7 1 060 11 564.2145
32 1 32 020 12 913.3436 7 7 0 060 11564.2145
33 0 33 020 13 511.4038 8 1 8 060 9697.2256
33 1 33 020 13 511.4038 8 2 7 060 10 047.3069
34 0 34 020 14 128.3021 8 3 6 060 10 348.1658
34 1 34 020 14 128.3021 8 3 5 060 10 356.04F8
35 0 35 020 14 763.9356 8 4 5 060 10 672.4910
35 1 35 020 14 763.9356 ) 4 4 060 10 678.8623
36 0 36 020 15418.0188 8 5 4 060 11 032.0251
36 1 36 020 15 418.0188 8 5 3 060 11 032.45%1
8 6 3 060 11 395.4898
8 6 2 060 11 394.9593
have been observed to thg,@otational level. However it is 8 8 1 060 12 263.3487
possible to obtain an estimate for the vibrational band origin g 1 8 060 10 143.6997
for these two levels by looking at the systematic differences ¢ 2 8 060 10 254.3984
between the observed and calculated rotational term values. g 3 7 060 10 558.6984
Table 11l presents estimates for these band origins and a sum- g 3 6 060 10 574.3192
mary of the energy levels determined in this work. A com- ¢ 4 5 060 10 894.2476
plete tabulation of these levels is given in the EPAPS ¢ 6 4 060 11 612.7597
. 34
archive: 9 6 3 060 11 613.0694

The many trivial assignments made in this work can be
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TABLE II.  (Continued) TABLE Il. (Continued.
J Ka K Level E J Ka Ke Level E
10 1 10 060 10 069.0056 7 1 6 070 11 060.8235
10 2 9 060 10 483.2868 7 2 6 070 11 300.7657
10 3 8 060 10 785.3000 7 3 5 070 11 660.8681
10 4 7 060 11 143.4261 7 3 4 070 11 666.9403
10 6 5 060 11 853.8368 8 0 8 070 10 897.3083
10 8 3 060 12 720.4711 8 1 8 070 11 039.2005
10 8 2 060 12 720.4944 8 1 7 070 11 270.51%6
11 0 11 060 10 259.4551 8 2 7 070 11 490.455%9
11 1 11 060 10283.9173 8 2 6 070 11 482.0729
11 1 10 060 10 656.5089 9 1 9 070 11 221.7144
11 2 9 060 10 826.3404 9 1 8 070 11504.7708
11 3 8 060 11 084.3958 9 2 7 070 11 689.3420
11 4 7 060 11 392.2185 10 1 10 070 11 424.9390
11 5 6 060 11 755.8094 10 2 9 070 11 938.9806
12 1 12 060 10 518.0698 10 3 8 070 12302.17%4
12 1 11 060 10 942.16%3 11 0 1 070 11 573.2541
12 2 11 060 11 003.6769 11 1 10 070 12 043.1979
12 2 10 060 11 112.0853 11 4 7 070 13 778.6454
12 3 10 060 11 326.8032 12 0 12 070 11 779.5362
12 4 9 060 11 676.3099 12 2 1 070 12 479.7788
12 5 8 060 12 038.3285 13 0 13 070 12064.1500
13 0 13 060 10 756.2885 2 2 1 080 12 148.2928
13 1 13 060 10 773.13%6 3 0 3 080 11 390.5763
13 1 12 060 11 246.8283 3 1 2 080 11 813.6815
13 2 1 060 11 411.2944 4 1 4 080 11 851.5431
13 3 10 060 11 690.6398 6 2 5 080 12 585.1285
13 5 8 060 12 356.5256 7 1 6 080 12 417.0838
14 0 14 060 11 036.1947 9 1 8 080 12 880.4466
14 1 14 060 11 043.9614 10 1 10 080 12 769.9046
14 2 13 060 11 607.55%8 10 2 9 080 13 416.08%9
15 0 15 060 11 330.4470 11 1 10 080 13 443.8351
16 0 16 060 11654.8647 #The levels confirmed by combination differences.
16 1 16 060 11 658.8880 ®The levels obtained from one transition.
17 0 17 060 12 004.1786
1 1 1 070 10 334.3666 used to gauge the accuracy with which any energy levels are
1 1 0 070 10 341.0547 determined. For strong lines the trivial assignments agree
2 1 2 070 10 374.8919 with the line position with a typical error of 0.003 ¢t This
2 2 1 070 10 703.3386 error is thus appropriate for the high intermediate or high
3 0 3 070 10 224.5606 K, and low bending vibrational excitation levels assigned
3 1 3 070 10 435.5297 here. For weaker transitions this level of agreement drops
3 1 2 070 10 475.6581 and the highJ levels and high bending levels are probably
3 2 1 070 10 775.3009 only accurate to about 0.01 cf
3 3 0 070 11 136.7986
4 1 4 070 10 516.1570 TABLI_E 1. Summ_ary of rotational energy levels for each vibratipnal level.
Experimental origingRef. 16, number of new leveldN and maximumJ
4 1 3 070 10 582.9251 value.
4 2 3 070 10 871.3547
4 3 2 070 11 233.8187 Level E N J
5 1 5 070 10 616.7746
s 14 ombmen @ om o
5 2 4 070 10 990.9667 020 2151 630 75 36
5 2 3 070 10 990.1665 030 4666790 " ”
6 1 6 070 10 737.4070 040 6134.015 o4 21
6 1 5 070 10875.8198 050 7542.437 58 20
6 2 5 070 11134.1762 060 8 869.954 37 17
6 3 4 070 11 496.90%8 070 10 085.22) 17 12
7 1 7 070 10 878.1735 080 11 253.8) 9 11
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